The spatial and temporal impacts of climate change on irrigation water requirements and yield 9 for sugarcane grown in Swaziland have been assessed, by combining the outputs from a 10 general circulation model (HadCM3), a sugarcane crop growth model and a GIS. The 11 CANEGRO model (embedded with the DSSAT program) was used to simulate the baseline 12 and future cane net annual irrigation water requirements (IR net ) and yield (t ha -1 ) using a 13 reference site and selected emissions scenario (SRES A2 and B2) for the 2050s (including 14 CO 2 -fertilisation effects). The simulated baseline yields were validated against field data from 15 1980-1997. An aridity index was defined and used to correlate agroclimate variability against 16 irrigation need to estimate the baseline and future irrigation water demand (volumetric). To 17 produce a unit weight of sucrose equivalent to current optimum levels of production, future 18 irrigation needs were predicted to increase by 20-22%. With CO 2 -fertilisation, the impacts of 19 climate change are offset by higher crop yields, such that IR net is predicted to increase by 9%. 20
2050_B2 scenario, respectively, as described previously. Crop modelling was based on 210 NCo376, a cultivar which is grown extensively in Swaziland. An analysis of RSSC field data 211 for 1980-2007 showed that on average this variety accounts for 66% of the total cropped area. 212
The study assumed a plant cane crop; however, in reality, sugarcane is ratooned and only a 213 small proportion (typically 10%) is plant cane. At Mhlume, over three-quarters (77%) of the 214 annual cropped area is ratooned cane aged 1 and 6 years ( Figure 3 ). This was acknowledged 215
to be a methodological limitation as plant cane yields are higher than ratooned cane. However, 216
analysis of RSSC field data actually showed that the average yield for plant cane was not 217 significantly different from ratooned cane aged 1-6 years ( Figure 3 ). It was therefore assumed 218 that simulating plant cane yield would provide a reasonable indication of 'typical' yield for 219 cane under both current and future climates. 220
Planting and emergence dates were assumed to be identical. This is because in ratoon cane the 221 stems are cut to ground level and the stumps appear above ground, as in emergence. Normal 222 practice is to stagger planting in order to optimise cane supplies to the factory. For the 223 modelling exercise, November planting was chosen as this coincides with higher temperatures 224 and rainfall (Figure 1 ) which is the ideal condition for germination and filleting (Doorenbos 225 and Kassam, 1979) . The assumed irrigation method was furrow as this represented 52% of the 226 irrigated area in the region. An automatic irrigation schedule (defining the timing and amount 227 of irrigation) was chosen, with irrigation scheduled to return the soil back to field capacity 228 when the profile soil water content dropped below 65% of total available water. This is 229 assumed typical of current irrigation management practices in the region. Irrigation efficiency 230 was assumed to be 100%, as net irrigation water requirements were being modelled, although 231 in practice surface irrigation efficiencies are considerably lower. 2006). They are one of the best soils, giving higher cane yields than other local soils 240 (Murdoch, 1968 ). An analysis of RSSC field data showed that 65% of the cropped area were 241 on Class 1 soils, and 76% of all fields contained R-set soils. 242
The CANEGRO model was parameterised and used to simulate annual sugarcane yield and 243 irrigation needs for a baseline 'scenario' using data from 1980-96. The model was then re-run 244 for each SRES scenario (with and without CO 2 fertilisation effects) using the same crop and 245 soil files, but with the future climate datasets. For each year of simulation, model outputs 246 included biomass yield (t ha -1 ), sucrose yield (t ha -1 ), irrigation needs (mm), and water use 247 efficiency (WUE) defined as kilograms of sucrose production per cubic metre of irrigation 248 water usefully applied (kg -1 m -3 ). 249
Model validation 250
It is important to have confidence that a crop model can predict with reasonable accuracy 251 historical variations in yield, before imposing further uncertainty through climate change. The 252 CANEGRO model was used to simulate yields for 1980-96. For validation purposes, RSSC 253 field data for the same period were obtained. These contained information on cane yield, 254 including variety, ratoon year, planting and harvest dates, and soil type (18,000 records in 255 total) on a field by field basis. From this, a validation dataset was produced (based on 1549 256 fields) containing yields for all fields growing plant cane (variety NCo376) on R-set soils. A 257 comparison between the CANEGRO modelled and RSSC observed cane yields was 258 completed (Figure 4 ). Visually, for most years, the modelled yield compared well to the 259 average observed yield and within ±1 SD (as shown by the error bars). In some years, the 260 modelled and observed average yields were very similar. To assess whether bias of modelled 261 yields versus observed yields were statistically significant, the model outputs were analysed 262 for lack of fit (LOFIT) with the observed data using a method described by Whitmore (1991) . 263
This test was chosen in preference to more widely used goodness-of-fit statistics such as the 264 correlation coefficient (r) and root mean squared error (RMSE) because rather than 265 comparing a single modelled value against a single observed value, it considers multiple 266 observed values and differing numbers of observed values in a temporal series. The calculated 267 F value (1.50) was not significant, confirming there was no evidence to suggest that the 268 modelled and observed data were statistically different. 269
Modelling agroclimate and irrigation demand 270
The variables that directly influence soil moisture and hence irrigation are rainfall and 271 reference evapotranspiration (ETo). 
Results and Discussion 339

Impacts on sugarcane yield and water use efficiency 340
The estimated changes in sucrose, biomass yield and WUE from the baseline for each SRES 341 scenario (with CO 2 fertilisation for the 2050_A2 SRES scenario) are summarised in Table 3.  342 With climate change, relatively minor increases in productivity are estimated, principally due 343 to increased radiation levels and higher temperatures (1-6% and 10-29% above the baseline,uneconomical. Hence most irrigation schemes are designed to meet peak need for a 'design' 382 dry usually defined as a return period equivalent to an 80% probability of non-exceedance. 383
However, with increasing reliance on irrigation to attain high quality production (rather than 384 just yield increment), combined with concerns regarding the increased likelihood of future dry 385 years, many new irrigation schemes are now being designed to cope with more extreme 386 events (greater than the 80% probability of non-exceedance). Figure 6 shows the potential 387 increase in 'design' dry year need from the baseline for each scenario. The important point is 388 that a future 'average' year in irrigation terms could well be more akin to a current 'design' 389 dry year, meaning that with climate change future peak irrigation needs could well exceed 390 current design criteria for existing irrigation schemes, and in approximately 50% of years. 391
Impacts on agroclimate and irrigation demand 392
The spatial variability in agroclimate for the baseline and each SRES scenario are shown in 393 The hydrological cycle is stronger in the RCM, with consequent increases in the intensity of 445 rainfall, in the magnitude of the moisture fluxes and in soil moisture compared to the driving 446 GCM (Hudson and Jones, 2002) . Further studies should therefore investigate the differences 447 in climate change signal derived from using a suitable RCM compared against using 448 established GCM outputs to provide a better assessment of the uncertainty associated with the 449 climate change modelling aspects of this work. Linked to this, is the method of downscaling. 450
In this study, a popular approach using change factors (CF) was used, but this has limitations 451 compared to statistical downscaling (SD) using transfer functions and stochastic weather 452 generators (Diaz-Nieto and Wilby, 2005). The problem is that the future temporal pattern of 453 wet and dry days remains unchanged, and so changes in the intensity and frequency of rainfall 454 events can not be investigated. Further studies should consider using an alternative SD 455 approach which would allow more detailed analysis of climate change uncertainty and 456 exploration of temporal sequencing of meteorological events (e.g. droughts, rainfall). The 457 effect of different resolution between the HadCM3 model (2.5 x 3.75 degrees) and the IWMI 458 baseline climatology (10' latitude/longitude) datasets, and choice of interpolation may also 459 have introduced some distortion. Finally, the GCM outputs were used to generate future 460 datasets based on predicted 'average' changes in climate. However, in agricultural irrigation, 461 a statistically defined 'design' dry year with a defined probability of non-exceedance is used, 462 rather than an 'average' year. The predicted future 'average' irrigation needs presented in this 463 study are thus likely to significantly under-estimate future 'dry' year irrigation demand. 464
The crop model outputs are of course sensitive to model parameterisation. Further modelling 465 would benefit from a sensitivity analysis of the key variables known to influence water use 466 and cane yield, including modifying crop characteristics to capture the effects of varying 467 planting dates for different ratooned cane, simulating different soil types (textures and depths), 468 assessing the proportion of effective rainfall, and assessing the impacts of different irrigation 469 scheduling strategies to reflect either traditional (furrow) or more efficient (micro) application 470 methods. Modelling could also investigate the impacts of future changes in reliability of water 471 supply; this study assumed unconstrained demand, but reducing the availability of water for 472 irrigation at differing times during the season (for example, due to low flows or seasonal 473 droughts) would impact on cane development and yield. 474
Conclusions 475
To produce a unit weight of sucrose equivalent to current optimum levels of production, 476 future irrigation needs were predicted to increase by 20-22%. With CO 2 -fertilisation, the 477 impacts of climate change are offset by higher crop yields, such that IR net is predicted to 478 increase by 9%. The study showed that with climate change, the current peak capacity of 479 existing irrigation schemes could fail to meet the predicted increases in irrigation demand in 480 nearly 50% of years assuming unconstrained water availability.some of the potential risks that climate change could impose on sugarcane production in 485
Southern Africa. The approaches developed in this paper and results serve to provide a useful 486 baseline from which more detailed investigations should be undertaken, from which more 487 strategic interventions, including adaptations could then be planned. 1980 1981 1982 1983 1984 1985 1986 1987 1988 1989 1990 1991 1992 1993 1994 1995 1996 Cane yield (t/ha)
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Error bars represent ± 1 SD Figure 5 Relationship between annual maximum potential soil moisture deficit (calculated using a monthly water balance Eq. 1) and annual irrigation need (calculated using CANEGRO)
for Mhlume for the baseline. A linear regression was fitted to the data points. 
